Oral cancer is sixth most common cancer in the world. 4 Despite these statistics, molecular alterations associated with oral cancer due to shisha smoking have not been extensively investigated. 5 A recent study on young shisha smokers and non-smokers has demonstrated that shisha smoking is associated with increased cough and sputum, increased levels of pulmonary capillary-derived endothelial microparticles and marked transcriptional changes in alveolar macrophages and in small airway epithelium. 6 A further study on small airway epithelium highlights association of shisha smoking with epigenetic changes and related transcriptional modifications that impact a number of genes and pathways previously reported to be associated with cigarette smoking. 7 Studies using mouse models have demonstrated that exposure to shisha smoking for 1 month increased airway resistance, inflammation, and oxidative stress. 8 A comparative study on exposure to tobacco-specific nitrosamines (NNAL) in shisha smokers, cigarette smokers, and non-smokers has shown that regular shisha smokers are exposed to about 5-10 times greater quantities of nitrosamines than non-smokers which is equivalent to pack-a-day cigarette smokers. 9 Risk associations and pathogenesis of oral cancer is well documented 10, 11 ; however, it is not extensively studied in shisha smokers. We developed a cell line model using immortalized normal oral keratinocytes by chronically treating them with shisha extract for a period of 8 months. We have previously investigated cellular models using cigarette smoke and chewing tobacco to understand molecular alterations associated with different forms of tobacco. 12, 13 In this study, we investigated mutational spectrum and dysregulation of gene expression pattern in immortalized normal human oral keratinocytes (OKF6/TERT1) chronically treated with shisha extract.
To our knowledge, this is the first whole-exome sequencing and transcriptome profiling study to delineate genomic alterations and gene expression changes in oral cells due to chronic shisha exposure.
| ME THODS

| Cell culture
Immortalized normal human oral keratinocyte (OKF6/TERT1) cell line was a kind gift from Dr. James Rheinwald at Brigham and Women's Hospital in Boston, MA. 14 OKF6/TERT1 cells were cultured using keratinocyte serum-free media (KSFM) (Life Technologies, Grand
Island, NY) which was supplemented with bovine pituitary extract (25 mg/mL), calcium chloride (0.4 mmol/L), epidermal growth factor (0.2 ng/mL) and 1% penicillin/streptomycin solution as described previously. 15 Shisha extract was prepared by following a similar method described previously. 16 About 5 g of commercially available shisha was homogenized in 50 mL of phosphate-buffered saline (PBS). The mixture was stirred overnight in a shaker incubator maintained at 37°C. This was followed by centrifuging extract at 15,000 x g for 20 minutes, and supernatant was filtered to remove debris. The extract was sterilized using a 0.22 μm filter and stored at −80°C until further use. To study the effects of shisha on oral keratinocytes, cells were chronically treated with 0.5% shisha extract (hereafter referred as OKF6/TERT1-Shisha) maintained in humidified chamber with 5% CO2 at 37°C for a period of 8 months. A typical session of shisha smoking ranges between 30 minutes to a few hours and utilizes about 15 g of shisha. 17 Since it is not feasible to replicate these conditions in vitro, the concentration of shisha extract used was standardized to achieve maximum exposure with minimum cell death. OKF6/TERT1-Parental and OKF6/TERT1-Shisha cells were grown to 80% confluence. Subsequently, the growth media was removed and cells were washed thrice using phosphate-buffered saline (1× PBS). Cells were harvested in PBS, and genomic DNA and RNA were extracted from OKF6/TERT1-Parental and OKF6/TERT1-Shisha cells.
| Whole-exome sequence analysis
Library preparation was done using Agilent SureSelectXT Human All 
| Integration of whole-exome and RNASeq dataset
To assess the allele specific expression of somatic SNVs, BAM files of OKF6/TERT1-Shisha RNA-Seq dataset obtained from HiSat2 were preprocessed using MarkDuplicates of Picard tools (version 2.0.1), followed by SplitNCigarReads, IndelRealigner, and BaseRecalibrator of GATK4 tool suite. Base recalibrated RNA-Seq BAM file was further processed using ASECount of GATK4 tool suite with default parameters.
Somatic mutation signature was plotted using R package 
| RE SULTS
Long-term smoking has been previously associated with irreversible changes in cells of squamous origin. 18 We assessed phenotypic alteration in OKF6/TERT1-Shisha cells compared to OKF6/TERT1-Parental cell. We observed increased proliferation rates, invasiveness and cell scattering phenotype in OKF6/TERT1 cells chronically treated with 0.5% shisha extract for 8 months (manuscript under review). However, systematic studies on shisha smoking and its effects on oral cells are lacking. We therefore employed exome sequencing and transcriptome profiling to elucidate the effect of chronic shisha exposure on the exome and consequently the transcriptome of normal oral keratinocytes.
| Whole-exome sequence analysis
Whole Somatic variants analysis led to identification of 521 SNVs in OKF6/TERT1-Shisha cells. We observed C>A transition which is associated with smoking history and C>T transversion which is known to be associated with various cancers (Figure 1) . Among 521
SNVs, 303 (~59%) were non-synonymous and five were splice site variants. We observed somatic missense SNVs in genes including SASH1, FLNC, and ADCY8 that were predicted to be deleterious by ≥3 prediction algorithms (Table S1 ). These three genes are known to be recurrently mutated in head and neck squamous cell carcinoma. 
TERT1-Shisha datasets that is 11,921 genes were interrogated using
DESeq. This analysis revealed 247 genes with fold change ≥2 and Pvalue ≤0.01 of which 101 were overexpressed and 146 were downregulated (Table S2 ).
Gene Ontology enrichment using 
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| Pathway analysis using Ingenuity Pathway Analysis (IPA)
To evaluate altered pathways in OKF6/TERT1-Shisha cells, bioinformatics analysis was employed on DEGs using IPA and we observe Interferon-signaling pathway was significantly enriched (P-value < 0.01) (Table S3) and IFNA1/IFNA13 (z-score: −2.17) with P-value <0.01 ( Figure 2A ).
| Comparison of OKF6/TERT1-Smoke and OKF6/TERT1-Shisha
Previous study by our group elucidated the molecular alterations in oral cells upon chronic cigarette smoke exposure. 12 In that study, OKF6/TERT1-Parental cells were chronically treated with cigarette C>T transversions is known to be associated with various cancers. 21 We did not observe any commonalities among genomic anomalies, however, pathway analysis using IPA predicted activation of mitogen-activated protein kinase 1 (MAPK1) pathway (z-score ≥ 2)
( Figure 2B ). MAPK1 network in OKF6/TERT1-Smoke shared 98%
of the differentially expressed proteins with DEGs in OKF6/TERT1-Shisha suggesting common downstream effects resulting in cellular transformation in both smoke and shisha exposed oral cells.
| D ISCUSS I ON
The perception of minimal detrimental effects of shisha smoke has contributed to dramatic increase in prevalence of shisha smoking.
There are numerous epidemiological studies which have associated increased risk of esophageal, head and neck 22 and lung cancer [22] [23] [24] development with shisha smoking. However, laboratory studies to yield mechanistic insights into shisha mediated molecular alterations have not been carried out. To the best of our knowledge, this is the first in vitro cell line-based study to demonstrate the effect of chronic shisha extract exposure on non-neoplastic immortalized oral cells.
Shisha extract exposure resulted in a number of genomic aberrations previously associated with tumorigenesis. Reported mutation burden in oral squamous cell carcinoma is between 2 and 12 mutations per MB. 10, 11 We observed 10 mutations per MB in cells treated with shisha extract with similar mutation spectrum as reported in whole-exome sequence analysis study of 15 OSCC patients with history of Shamma exposure. 25 In addition, missense variant(s) were identified in SAM and SH3 domain containing 1 (SASH1), Filamin C (FLNC), and Adenylate Cyclase 8 (ADCY8) with >30% allele frequency supported by at least 10 reads and predicted to be deleterious by ≥3
predictors. SASH1 is potential tumor suppressor gene functionally characterized in lung cancer, and its induction is reported to inhibit cell proliferation and promote cellular apoptosis. 26 FLNC is an actin filament crosslink protein which is recurrently mutated in 11%-36% of lung cancer. 27 Adenylate Cyclase 8 plays crucial role in calcium signaling pathway and is involved in apoptosis. In a recent study, MAPK inhibition is reported to attenuate mechanisms that reduce IRF1 expression in pulmonary A549 cells. 29 Genes regulated by IRF1 are also key players in host defense indicating enrichment of immune response associated proteins. MAPK pathway is known to play a role in promoting cell proliferation, inhibiting apoptosis, promoting tumor angiogenesis and inducing invasion and metastasis in oral cancer. 30 We have previously observed marked overexpression and activation of MAPK1 in OKF6/ TERT1 cells chronically exposed to cigarette smoke. 12 Despite distinct genomic anomalies in OKF6/TERT1 cells chronically treated with cigarette smoke and shisha extract, interferon-signaling cascade was a commonly affected pathway in both models.
We observed marginal decrease in expression of genes which 
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